Electrospun carbon and Nb-doped TiO2 nanofibres (CNFs, TNFs) have been investigated as electrocatalyst supports for polymer electrolyte membrane fuel cells (PEMFC).
Introduction
One of the major issues concerning the durability of Proton Exchange Membrane Fuel Cells (PEMFC) is electrode degradation over time [1] . In this respect, the electrocatalyst support material plays a very crucial role [2] . It is known that conventional carbon black-based supports, although having excellent electrical conductivity and high surface area, suffer from corrosion at the cathode under operation conditions leading to cell reversal according to equation (1) [3] : C + 2H2O → CO2 +4H + +4e − E 0 = 0.207 V
High temperature and humidity contribute to accelerate this phenomenon [4] . Such degradation leads to the aggregation and migration of the noble metal catalysts and even their detachment from the support surface with a loss of the electroactive surface area of the electrode [5] .
Recent years have witnessed a growing interest in conductive nanotubes and nanofibres as catalyst supports for PEMFC electrodes, due to the impact of their nanostructure and morphology on performance and durability. Comparative studies on carbon black and carbon fibres showed that the latter demonstrate better resistance to electrochemical corrosion, which was attributed to the more graphitic microstructure of the nanofibres [6] . Furthermore, their one dimensional morphology and the sub-micron scale can provide a high surface area and directional electronic transport, while also offering the possibility of promoting catalyst dispersion leading to enhanced electrocatalytic performance [7] . In this regard, electrospinning is a versatile technique for synthesis of nanofibrous materials with uniform and controlled diameters and structures [8, 9] , which in the past few years has developed as an emerging fabrication method for fuel cell electrocatalyst supports and electrodes [10, 11] . The most widely used method in the preparation of carbon fibres by electrospinning is by controlled thermal treatment of polyacrylonitrile (PAN) electrospun fibres [12] . This type of carbon nanofibre (CNF) is finding use as catalyst support both for direct methanol fuel cell anodes, 3 where improved performance compared to commercial electrocatalysts has been reported [13, 14] , and in PEMFC [15, 16] .
Another approach to avoid corrosion issues in fuel cell electrodes is the partial or total replacement of carbon with alternative support materials, including semi-conductor oxides (TiOx, WOx, SnO2, etc…) or carbides [17] [18] [19] [20] . Indeed, these materials may not only improve corrosion resistance, but can also promote electrocatalysis through synergetic metal-support interactions [21] . However, semi-conducting oxides such as TiO2 also presents a drawback compared to carbon in that pure TiO2 is a semiconductor with a band gap of 3.2 eV for anatase and 3.0 eV for rutile [22] , and therefore the challenge is to develop strategies to enhance the inherent electronic conductivity. Two main strategies exist in this regard: Firstly, doping with donor-type ions such as Mo 6+ or Nb 5+ modifies the electrical structure, allowing an easier electron transport [23] [24] [25] [26] . Secondly, sub-stoichiometric titanium dioxide with oxygen vacancyinduced conductivity can be prepared by thermal treatment in a reducing atmosphere [27] [28] [29] .
Another alternative consists of the preparation of composites based on the combination of TiO2 with conducting materials (e.g. carbon) [30, 31] . Indeed, despite the lower conductivity relative to carbon, TiO2 is a promising support material as their catalysed forms have been shown to have oxygen reduction reaction (ORR) activity similar to that of conventional Pt/C catalysts, but with greater stability and activity retention after accelerated stress tests, in ex situ as well as in fuel cell experiments [23, 29, 32, 33] .
TiO2-based nanofibres obtained by electrospinning have recently been used as fuel cell electrocatalyst supports, with Pt nanoparticles deposited on pure titanium dioxide fibres by microwave irradiation showing better activity towards methanol oxidation than commercial Pt/C [34] . More conductive electrospun oxides, such as Nb doped TiO2, TiOx [35, 36] , and composite Nb-TiO2-C [37] showed oxygen reduction reaction activity comparable to conventional carbon-based electrocatalysts with an enhanced stability as shown by greater 4 retention of Pt active surface area over time. Electrospun TiO2 fibres can also be reduced to the Magneli phase (Ti4O7) in order to enhance their conductivity [38] .
We report here the results of an investigation comparing the electrocatalytic properties of Pt on carbon and on Nb doped titanium dioxide based nanofibres towards oxygen reduction and their electrochemical stability on voltage cycling. The platinum nanoparticles were synthesised by a microwave polyol method [39] and deposited on fibrous electrospun supports.
Experimental section
2. was electrospun in air with a standard syringe and a grounded rotating drum collector configuration (Linari Engineering). The distance between the needle tip and the rotating drum was 10 cm, the applied voltage 10 kV and the flow rate 0.5 mL h -1 . The resulting white electrospun nanofibre mat was stabilised in air at 280 °C for 1 h at a heating rate of 1 °C min -1 , leading to a brown material. After cooling to RT, the fibres were carbonised at 1000 °C for 1 h in a nitrogen atmosphere at a heating rate of 5 °C min -1 and a black final product was obtained.
(Nb-)TiO2 nanofibres
A procedure similar to that in [40] was followed. Briefly, a carrier polymer solution of polyvinyl pyrrolidone (PVP, Mw ~1,300,000, Aldrich) in absolute ethanol (puriss., Sigma-Aldrich) was added to a precursor solution made of 0.52 mL of titanium(IV) isopropoxide (97 %, Aldrich), 0.04 to 0.16 mL of niobium ethoxide (99.95 %, Aldrich) (5 to 20 %at doping) (both stored in a glove box) and 1 mL of acetic acid (Sigma-Aldrich). The solutions were degassed by ultrasonication for 15 min, mixed together and stirred for 1 hour and loaded into the syringe.
Electrospinning in air used a distance between the needle tip and the collector plate of 10 cm, an applied voltage of 15 kV and a 0.5 mL h -1 flow rate. The as-prepared fibres were calcined in air at 500 °C or 800 °C at 5 °C min -1 for 6 h in order to decompose and remove the carrier polymer [samples labelled respectively as LT (low temperature) and HT, high temperature)].
The LT sample, further treated at 800 °C in 5 % H2/Ar for 2 h, is denoted HTR (high temperature with reduction treatment). The LT and HT fibres were white, whereas the HTR were blue. 
Pt deposition on electrocatalyst supports

Characterisation of the prepared materials 2.3.1 Electron microscopy
The morphology of the electrospun materials was analysed by using a Hitachi S-4800 scanning electron microscope (SEM), a FEI Quanta FEG 200 and a JEOL 1200 EXII transmission electron microscope (TEM) operating at 120 kV equipped with a CCD camera SIS Olympus Quemesa (11 million pixels). For TEM analyses, the samples were suspended in ethanol and ultrasonicated before deposition onto carbon film coated copper grids.
X-ray diffraction
Structural characterisation was performed by X-ray diffraction on a PANAlytical X'pert powder diffractometer equipped with CuKα radiation (λ = 1.542 Å). 6 Nitrogen adsorption/desorption isotherms were determined at -196 °C by means of a Micromeritics ASAP 2020 apparatus after outgassing samples overnight at 200 °C. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation, taking the cross-sectional area of one N2 molecule as 0.162 nm 2 . The pore size distribution has been calculated by the Barret-Joyner-Halenda (BJH) method using the desorption branch of the isotherm.
Specific surface area determination
Raman spectroscopy
Raman spectra were recorded on a LabRAM Aramis IR2 Horiba Jobin Yvon spectrometer equipped with a He/Ne laser (λ = 633 nm, 17 mW on TNFs and 4 mW on CNFs) and a long work distance objective × 50.
Thermogravimetric analysis
Thermogravimetric analysis was performed in air up to 800 °C (10 °C min -1 ) using a Netzsch TG 439 thermobalance to determine the Pt loading on Pt/CNF electrospun fibres.
X-ray photoelectron spectroscopy
The surface composition of the Pt/Nb-TiO2 fibres was monitored by X-ray photoelectron spectroscopy (XPS) on an ESCALAB 250 (Thermo Electron). The X-ray excitation was provided by a monochromatic Al Kα (1486.6 eV) source, and the analysed surface area was 400 µm 2 . A constant analyser energy mode was used for the electron detection 
Electronic conductivity 7
The conductivity of the carbon and oxide fibres was determined as a function of temperature from measurements with an in-house cell equipped with four gold electrodes and using Van Der Pauw calculations. Samples were analysed as pellets prepared by compaction at 370 MPa for 10 min. In the case of carbon fibres, 558 mg of 5 %wt Nafion ® dispersion was added as a binder to 96 mg of CNFs. The mixture was oven dried at 70 °C overnight.
X-ray fluorescence spectroscopy
The Pt content of Nb doped TiO2 nanofibres was determined by X-Ray fluorescence measurements with a PANalytical Axios Max spectrometer fitted with a Rh (4 kW) tube and LiF200 crystal The samples were pellets of ground fibres in a H3BO3 matrix (32 mm diameter) prepared by pressing at 740 MPa for 5 min. 100 mg of the titania fibres are needed to obtain a scanned surface of ca. 12 mm in diameter. Standards were prepared with TiO2 nanopowder (Aldrich) containing 5, 10, 15 and 20 %wt of Pt black (Alfa Aesar) to calibrate the signal.
Omnian software was used for data analysis.
Electrochemical characterisation
Electrochemical analyses were carried out in a three-electrode cell comprising a gold For durability test these cycles were performed 1000 times and the ECSA was evaluated after these prolonged cycles. Its calculation was based on hydrogen desorption peaks in the range 0.05 V to 0.4 V vs RHE, assuming a hydrogen desorption charge of 210 µC cm -2 for the electroactive Pt surface [41] .
The activity of the electrodes in the oxygen reduction reaction (ORR) was followed using linear sweep voltammetry at rotation rate from 400 to 2500 rpm in O2 saturated 0.1 M HClO4. The potential was varied from 1.0 V to 0.2 V vs RHE at a scan rate of 5 mV s -1 . The current density is reported here as current per geometric electrode area.
Results and discussion
Characterisation of electrospun carbon and Nb doped TiO2 nanofibrous supports
Carbon obtained by electrospinning a PAN solution followed by stabilisation and carbonisation steps [42] was characterised by SEM, and the micrograph in Fig. 1a indicates that the nanofibres obtained are quite homogeneous with an average diameter of 130 nm (Fig. 1b ).
N2 adsorption/desorption measurements showed that carbon fibres are microporous (type I 9 isotherm, see Fig. S1 , Supporting Information) [43] , and their BET specific surface area is 36
The Raman spectrum ( Fig. S2 , SI) shows the two bands typical for carbonaceous materials, one centred at 1326 cm -1 attributed to the defect-induced mode (D-band), and one situated at 1584 cm -1 attributed to ordered graphitic structures (G-band). The relative intensity ratio of D-band to G-band indicates the relative content of graphite in the carbonaceous materials, with lower values corresponding to higher amount of sp 2 (graphite) clusters in the sample [44, 45] . In the present case, the D/G ratio is 1. The conductivities of the CNFs and of Vulcan XC-72R as a function of temperature up to 250 °C are compared in Fig. 2 a. Although the XC-72R presents a similar conductivity to that of CNFs at RT (5.3 vs 6.2 S cm -1 ), its conductivity shows a decreasing trend with temperature, while that of the electrospun CNFs remains at a value between 6 and 8 S cm -1 in the temperature range studied, corresponding to a semi-metal-like behaviour.
A study was then performed to study the effect of doping agent (at levels of 5-20 %at Nb) on the electrical conductivity in titania nanofibres. Different thermal treatments (LT, 500 °C, air; HT, 800 °C, air; HTR, 800 °C 5 % H2/Ar) were additionally used to obtain different titania structures and to induce structural defects, which also affect the electron transport. Nb 5+ was chosen as donor type dopant because its ionic radius (0.69 Å) is similar to that of Ti 4+ (0.64 Å) [46] and gives the possibility of isotropic dissolution in TiO2 as Nb2O5 over a wide concentration range [47] . Table 1 shows the electrical conductivity and the BET surface area values for the samples prepared under these conditions. In general, samples heat-treated in air present a conductivity similar to that of pure titanium dioxide (ca. 10 -9 /10 -7 S cm -1 ), while the H2 treated HTR samples are characterised by significantly higher conductivities, the highest observed value of 5 . 10 -3 S cm -1 being for TNF doped with 10 %at Nb and calcined at 800 °C in reducing atmosphere. As depicted in Fig. 2 respectively. The effect of niobium on inhibiting titania grain growth is well known [24, [47] [48] [49] , and our results confirm that this effect is also present in electrospun titania nanofibres.
The nitrogen adsorption/desorption isotherms (see SI) indicated that the LT sample is mesoporous (type IV + I isotherm [43] ) and presents a narrow pore size distribution with an average pore diameter of 6 nm, whereas HT and HTR samples only possess intergrain porosity.
The specific surface area of HT and HTR samples are lower than for samples treated at low temperature with a decrease from 65 to 20 m 2 g -1 , due to particle sintering effects [50] 10 nm in size, whereas HTR fibres are comprised of nanoparticles of around 50 nm (Fig. 3) .
The calcination temperature also affects the crystal structure of the TNF. At 500 °C, the main phase observed is anatase, as revealed by XRD (JCPDS 01-084-1285) in Fig. 4 a, although the weak diffraction line at 27.5 ° 2 theta indicates the presence of a very minor amount of rutile as well. In contrast, the X-ray diffraction pattern of Fig. 4 b indicates that TiO2 HTR is principally in the rutile form (JCPDS 01-078-1510). These results are further confirmed by Raman analysis (Fig. S5 in SI, lines at 144, 398, 516, and 637 cm -1 for LT anatase [51] and at 415 and 600 cm -1 for HTR rutile [51, 52] ), but nevertheless, even after the HT treatment, a nonnegligible amount of non-converted pristine anatase is still present (diffraction line at 25.3 ° 2 theta) due to Nb inhibiting the anatase to rutile phase transition, explaining the presence of anatase even after heat treatment at 800 °C [47] . SI) . Surprisingly, no TiOx suboxide was detectable by X-ray diffraction of the HTR nanofibres despite their high electronic conductivity and their blue colour. It is likely that only a small amount of the sample, below the detection limit of XRD (i.e. the fibre surface in contact with the reducing gas at high temperature), was effectively reduced and converted to suboxide In order to substantiate this, a surface composition analysis was performed by XPS.
High resolution spectra of the HTR fibres in the binding energy regions of Ti 2p and Nb 3d are characterised by broader lines when compared to the spectra given by LT and HT fibres (see SI, Fig. S10 -S12). The peak position of Ti 2p3/2 A , at 459.2 eV, corresponds to that of Ti 4+ oxidation state [53] , as expected for stoichiometric TiO2, and also as reported in the literature for LT treated Nb-doped titania fibres [40] . A second contribution (60 %at of the total titanium), not observed for the other (LT, HT) samples, appears at 457.8 eV (Ti 2p3/2 B), and can be attributed to titanium in the oxidation state +3 [54] . This shows that the presence of Ti 3+ and the associated oxygen vacancies is at the origin of the enhanced conductivity of the HTR samples. We can therefore conclude that the sample treated at high temperature under H2/Ar is mainly rutile-type titanium dioxide in the bulk fibre, with a sub-oxide TiO2-x at the surface.
Electrochemical characterisation of the nanofibrous supports
Since the corrosion of the carbon support is the main driving force of catalyst degradation, it was quantified by electrochemical oxidation (accelerated experiments) at 1.2 V RHE for 24 h or 1.4 V RHE for 2 h. The first potential of 1.2 V RHE represents the thermodynamic potential limit of PEMFC operation under normal conditions, whereas corrosion resistance was assessed at a potential of 1.4 V RHE which is close to the cathode potential in the conditions of fuel starvation and reverse current at which the corrosion of the support is most prominent [55] . Both carbon black (Vulcan XC-72R) and CNF were analysed for comparison with the TNF support, and the electrochemical degradation was estimated in terms of loss or modification of the CNF and TNF supports from the integrated corrosion current [56] as compared to the value obtained for Vulcan XC-72R [57] .
The LT and HR niobium doped titania, even when catalysed with Pt nanoparticles, presented lower electrocatalytic performance than the HTR material, which is consistent with the relative conductivity of these samples. All successive electrochemical characterisation was therefore limited to the 10 %at Nb-TiO2 HTR (HTR-TNFs). Comparison of the oxidation currents at high potential for the titanium dioxide and the carbon-based materials is made in Fig. 5 . Indeed, the carbon material shows a larger corrosion current than the one recorded on TiO2 fibres, reflecting its corrosion behaviour i.e. the oxidation of carbon to CO2 [58] . The integrated charges for Vulcan XC-72R, CNFs, and HTR-TNFs were respectively 3.9, 5.6, 0.9
and C mg -1 , showing that titanium dioxide based material has a smaller corrosion charge and 13 thus higher electrochemical stability than both carbon nanofibres and carbon black at high potential.
Characterisation of catalysed fibrous supports
Transmission electron microscopy was used to characterise the Pt deposited by the microwave-assisted polyol method on CNFs and HTR-TNFs. On the CNF surface, the Pt particles are well dispersed with an average diameter of 2.3 nm ( Fig. 6 a and c) a Pt loading of 18 %wt as indicated by thermogravimetric analysis. Similarly, and as shown in Fig. 8 a and 
Electrochemical characterisation of catalysed fibrous supports
Cyclic voltammetry (CV) measurements on the catalysed supports (Pt/CNFs and Pt/HTR-TNFs, Fig. 7) show characteristic hydrogen adsorption/desorption peaks in the potential range Table 2 ). Furthermore, an increase of the double layer region for Pt/CNFs is observed after 14 prolonged cycling, which may indicate corrosion accompanied by the formation of surface functional groups such as -OH and -COOH [62] . These results are in agreement with the change in size distribution of the Pt nanoparticles after cycling shown in Fig. 6 and 8 , where the average particle size increased from 2.3 nm to 7.0 nm for Pt/CNFs with a wide dispersion in size up to 15 nm, but to only 5.0 nm for Pt/HTR-TNFs (Table 2 ). This can be explained by the corrosion of the carbon-based support during the potential cycling, leading to ripening and agglomeration of the Pt particles, for instance by the known dissolution and re-deposition mechanism [59, 60] .
The Nb-doped titania supported catalyst showed a higher stability, and retained the size and the activity of the deposited nanocatalysts. This is understood both by strong Pt-metal interactions and the greater (electro)chemical stability of the ceramic support. This high resistance to corrosion is in agreement with recent reports on Nb doped titania as well as tin oxide-based supports [19, 33, 35, 50, 61] . Thus, the potential opened by pure oxide supports prepared by a simple and easily up-scalable route such as electrospinning to solve the carbon corrosion problem in PEMFC are hereby demonstrated. As oxide-based supports may also improve catalysis through specific metal-support interactions, the ORR was also Fig. 9 shows the linear sweep voltammograms recorded for Pt/HTR-TNF (a) and Pt/CNF (b). Both polarisation curves
show an onset potential around 0.95 V. By using the Levich-Koutecky equation [63] for both CNF and HTR-TNF supported Pt (see SI), the number of electrons involved in the ORR was estimated close to four, indicating the complete reduction of O2 to H2O. The Tafel plot corresponding to the polarisation curves of Pt/CNFs and Pt/HTR-TNFs at a rotation speed of 900 rpm is depicted in Fig. 9 c. It shows that the ORR mass activities were quite similar for the two samples, but slightly higher for Pt deposited on HTR-TNFs than for Pt on CNFs. For instance, at 0.9 V the first reached a value of 2.4 A gPt -1 , while for the latter it was 1.7 A gPt -1 ,
i.e. similar to those reported on titanium oxide-based supports [33, 35] . Further improvements 15 on the ORR activity are needed and dedicated works on the optimisation of the nanocatalyst size and loading are in progress.
Conclusions
Electrospun titanium oxide nanofibres (TNF) have been used as alternative PEMFC electrocatalyst supports. They were subjected to specific thermal treatments and doped with niobium in order to achieve a high concentration of surface Ti 3+ 
